Microdeletions within chromosome 22q11.2 cause a variable phenotype, including DiGeorge syndrome (DGS) and velocardiofacial syndrome (VCFS). About 97% of patients with DGS/VCFS have either a common recurrent~3 Mb deletion or a smaller, less common, 1.5 Mb nested deletion. Both deletions apparently occur as a result of homologous recombination between nonallelic flanking lowcopy repeat (LCR) sequences located in 22q11.2. Interestingly, although eight different LCRs are located in proximal 22q, only a few cases of atypical deletions utilizing alternative LCRs have been described. Using array-based comparative genomic hybridization (CGH) analysis, we have detected six unrelated cases of deletions that are within 22q11.2 and are located distal to the~3 Mb common deletion region. Further analyses revealed that the rearrangements had clustered breakpoints and either a~1.4 Mb or~2.1 Mb recurrent deletion flanked proximally by LCR22-4 and distally by either LCR22-5 or LCR22-6, respectively. Parental fluorescence in situ hybridization (FISH) analyses revealed that none of the available parents (11 out of 12 were available) had the deletion, indicating de novo events. All patients presented with characteristic facial dysmorphic features. A history of prematurity, prenatal and postnatal growth delay, developmental delay, and mild skeletal abnormalities was prevalent among the patients. Two patients were found to have a cardiovascular malformation, one had truncus arteriosus, and another had a bicuspid aortic valve. A single patient had a cleft palate. We conclude that distal deletions of chromosome 22q11.2 between LCR22-4 and LCR22-6, although they share some characteristic features with DGS/VCFS, represent a novel genomic disorder distinct genomically and clinically from the well-known DGS/VCF deletion syndromes.
Interstitial deletions of chromosome 22q11.2 comprise the most common microdeletion in humans and occur at a frequency of approximately 1:4000-1:8000 live births. 1 The well-characterized 22q11.2 deletion syndrome is associated with a wide array of clinical phenotypes including velocardiofacial syndrome (VCFS [MIM 192430] ) and DiGeorge syndrome (DGS [MIM 188400]). 2 Individuals with the 22q11.2 deletion can have a range of findings, including cardiovascular malformations consisting predominantly of conotruncal heart anomalies, palatal abnormalities, characteristic facial dysmorphic features, learning difficulties, immune deficiency, congenital hypocalcemia, and urogenital abnormalities. [2] [3] [4] About 90% of patients with the 22q11.2 microdeletion have a common~3 Mb deletion, whereas 7% of the patients have a smaller, nested~1.5 Mb recurrent deletion. 5 Both the~3 Mb and the~1.5 Mb deletions were found to occur as a result of nonallelic homologous recombination (NAHR), 6 utilizing low-copy repeat (LCR) sequences located in the 22q11.2 region as recombination substrates. 7, 8 This mechanism of rearrangement explains not only the clustered breakpoints and existence of a common recurrent rearrangement among patients with chromosome 22q11.2 deletion, but also the high prevalence of de novo deletions. 9 Proximal 22q contains eight LCRs known as LCR22s ( Figure 1 ). 8, 10 On the basis of the architecture of the 22q11.2 region, it was anticipated that other rearrangements-utilizing distinct LCRs as recombination substrates and leading to different recurrent deletions-might occur in the genomic region. The structure of LCR22-4, LCR22-5, and LCR22-6 have been extensively studied recently 11 and revealed the existence of a BCRL module in each LCR, suggesting a potential substrate for NAHR-mediated rearrangement in the distal 22q11.2. However, to date, only a limited number of ''atypical'' deletions in 22q11.2 have been reported. Most of these deletions were found to be located within the common~3 Mb deletion region or to overlap with it. [12] [13] [14] [15] [16] [17] [18] [19] Only a few ''atypical'' deletions were found to be located distally to the common deletion region. 11, [19] [20] [21] [22] These distal deletions with the exception of one were detected among patients with clinical presentations related to DGS/VCFS and therefore are subject to ascertainment bias. Not surprising, therefore, is the fact that three out of the four previously described de novo cases of 22q11.2 distal deletions and the two index cases of the affected families presented with cardiovascular defect. Cardiac phenotype has not been detected among the three affected relatives of the familial index cases, implying that cardiac phenotype might actually be less frequent in patients with 22q11.2 distal deletion. However, given that there is no overlap of the genomic intervals between the common DGS/VCFS deletion and the 22q11.2 distal deletions, a similar phenotype shared by these two groups is not obvious. Indeed, searching for ''atypical'' deletions among patients with ''atypical'' VCFS (patients that did not have the facial phenotype typical for DGS/VCFS but manifested with malformations and/or developmental delay) identified distal deletions (both within and distal to the DGS/VCFS) in about 5%. Distal deletions have not been detected among 273 patients with conotruncal heart defects. 19 We implemented array-based comparative genomic hybridization (CGH) analyses in > 8000 cases of individuals with suspected chromosomal aberrations 23 (and unpublished data). The targeted microarrays were designed to cover all the telomeres at 1 Mb interval up to 10 Mb, one bacterial artificial chromosome (BAC) at every chromosome band, over 150 potential microdeletion or microduplication syndromes, and their flanking regions. For detailed information regarding loci covered, see the BCM website listed in the Web Resources. The arrays were manufactured and analyzed with a protocol described previously. 24 Sixty patients were identified with rearrangement in the 22q11.2 region. Thirty-three patients (55%) had a~3 Mb deletion, one had a~1.5 Mb deletion, one had a~4 Mb deletion, and six (10%) had deletions distal to the DGS/VCFS common region. Ten (17%) were identified to have a~3 Mb duplication, and 9 (15%) had atypical duplications within and distal to the common DGC/VCFS critical region. 25 As stated above, in six unrelated cases, the analyses revealed a loss in the 22q11.2 region detected with the same two BAC clones, RP11-36N5 and RP11-296H20 ( Figure 1 ). Figure 2 ). Furthermore, FISH analysis using the same probes on the parental samples from each of the eleven available parents showed no evidence of a deletion (Figure 2 ), indicating a de novo deletion in at least five cases and potentially in the sixth. The six patients were found to share similar clinical features as well as physical findings (Table 1, Figure 3) . Five of the patients were born prematurely and the sixth was born during the 38 th week of gestation. Birth weight of four patients was below the 5 th percentile for gestational age, and the birth weight of the other two was in the 5 th -10 th percentile range. 26 Five of the patients had postnatal growth restriction as well. One of those (patient 3) was diagnosed has having gluten enteropathy (celiac disease) on the basis of immunological studies. However, this child had growth delay prior to his first gluten exposure (both prenatal and postnatal growth delay). In addition, growth acceleration was not observed after a gluten-free diet had been administered. Interestingly, even the oldest patient (patient 1), who presented with obesity at the time of diagnosis, had a significant postnatal growth delay up to the age of 6 yr. The growth acceleration of this patient may be attributed to the mid-childhood growth acceleration frequently seen in individuals with 47,XYY karyotype.
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A global developmental delay and/or mild mental retardation, more prominent in language, was found in four of the six. Another patient has borderline normal development, and one had normal development. This latter child, however, presented with severe behavioral problems including uncontrolled aggression. Minor skeletal abnormalities were found in four of the patients. These abnormalities included coxa valga and bowed ulnae in one case; small distal phalanx, short and broad fingernails, and bilateral fifth finger clinodactyly in another case; bilateral hip dysplasia in the third case; and contractures and brachydactyly in the fourth. One patient had a cleft palate, and another one was found to have a high arched palate without cleft. Two of the patients had a cardiac defect. One of them (patient 2) had truncus arteriosus and was tested for DGS/VCFS due to the combination of conotruncal heart defect and dysmorphic features. However, FISH analysis did not reveal a deletion in the DGS/VCFS critical region. Another patient had a bicuspid aortic valve, without other structural heart defects (patient 3). This type of heart defect has not been reported to be associated with DGS/VCFS. Echocardiogram was performed in three of the four other cases and did not detect any structural abnormalities. Neonatal hypocalcemia, neonatal seizures, or immunodeficiency was not described among any patient with 22q11.2 distal deletion (in contrast to 77% of the patients with DGS). One of our patients, but none of the previously described cases with 22q11.2 distal deletion, had a history of cleft palate, a common finding among patients with DGS/VCFS. Physical examination of all of the six patients revealed characteristic multiple dysmorphic facial features (Table 1, Figure 3 ). The common facial dysmorphic features included arched eyebrows, deep-set eyes, a smooth philtrum, a thin upper lip, hypoplastic alae nasi, and a small, pointed chin.
In order to more precisely map breakpoints of the 22q11.2 deletion and to further explore the molecular mechanism for the deletion, we performed higher-resolution genomic analysis in five of the cases by using highdensity array-based oligonucleotide CGH (Agilent 244K Whole Human Genome Oligo Microarray Kit, Agilent Technologies, CA, USA) according to the manufacturer's recommendations. The array-based oligonucleotide CGH revealed that patients 1 and 2 had a~2.1 Mb deletion located between LCR22-4 and LCR22-6. The deletion size in cases 3, 4, and 6 was found to be~1.4 Mb and spans the genomic region between LCR22-4 and LCR22-5 (Figure 4) . The high-resolution array analyses revealed that all five patients shared a proximal breakpoint. The two patients with the~2.1 Mb deletion and the three patients with the nested~1.4 Mb deletion shared the same distal breakpoint as well. The three breakpoints coincided with LCR22-4, LCR22-5, and LCR22-6 (based on the sequence data from the genome browser). The parents of patient five did not consent to the Agilent 244K array, and therefore in this case we have used the BCR probe, which maps between LCR22-5 and LCR22-6, for FISH analysis. The patient was found to have two copies of the BCR probe, suggesting that the LCR22-5 to LCR22-6 segment was not deleted in this case.
A review of the literature reporting 22q11.2 distal deletions revealed that three of the previously described cases had, similar to our cases, de novo deletions of the LCR22-4 to LCR22-5 segment or the LCR22-4 to LCR22-6 segment, 19, 21, 22 implying a pathogenic role for such deletions.
A fourth case 20 with the LCR22-4 to LCR22-6 segment deletion was found to be part of an affected family with multiple affected individuals and a variable phenotype. The deletion found in the fifth previously described case 19 was smaller (~0.7 Mb), located between the LCR22-5 and LCR22-6 segment, and did not include the~1.4 Mb LCR22-4 to LCR22-5 segment, a genomic segment that was deleted in all of the other previously reported cases and in all of our cases. This patient had a congenital heart defect and normal appearance and psychomotor development. Only very careful investigation revealed minimal dysmorphic features. This deletion was also detected in the patent's healthy father, who had narrow palpebral fissures and mildly low-set ears. Interestingly, recently eight individuals with the BCR deletion (located within LCR22-5 and LCR22-6 interval used as a control probe for chromosome 22) have been detected from among 11,688 individuals that were referred for evaluation of subtelomeric rearrangements. 28 All of these individuals had an intact DGS/ VCFS region, but the size of the deletions has not been evaluated and the phenotype was not described in detail. Clinically, many microdeletion syndromes not only show a high degree of variability among patients with identical deletions 29 but also share many common features. Features such as developmental and growth delay, multiple congenital anomalies, and a wide range of dysmorphic features are common in many chromosomal aberrations. Nevertheless, several features of 22q11.2 distal deletion between LCR22-4 and LCR22-6 were shared by the majority of our patients (Table 1) , most are distinctive from those observed in DGS/VCFS, and some are characteristic features associated with deletion of a common genomic interval. Prenatal and postnatal growth restriction, for example, was observed in 83% of our patients. Whereas growth restriction is a common feature of chromosomal aberration, many syndromes show no growth restriction or only postnatal growth restriction. Prenatal growth restriction has not been widely described in most patients with DGS/VCFS, and postnatal growth restriction has been described in only about 36% of the patients. Developmental delay and/or mental retardation appear more common among patients with distal 22q11.2 deletion compared with patients having DGS/VCFS. Similarly, skeletal abnormalities among patients with distal 22q11.2 deletion are not only more common than those described among patients with DGS/VCFS, 30 but are also different in nature.
The typical facial dysmorphic features of patients with 22q11.2 distal deletion are characteristic and do not resemble those of patients with DGS/VCFS. 27 Although prematurity is not a common feature of chromosomal aberration, and has not been described as part of DGS/VCFS, at least four of our six patients were born prematurely (between 32 and 36 weeks of gestation), the fifth was born during or after the 37 th week of gestation, and the sixth was born during the 38 th week of gestation. Given that our cohort is small, there is still a finite probability that the prematurity among our patients happened by chance. The probability of such a random event is low because the percentage of preterm births (<37 completed weeks of gestation) in the United States is about 12.7%.
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Trisomy 18 is the only other chromosomal syndrome that has been described to be associated with prematurity 1050 (3%) 1360(3%-10%) 2210(3%-10%) 1250 (< < 3%) 1700 (< < 3%) Postnatal growth retardation
Weight at presentation 97% <5% < < 5% 60% < < 5% < < 5% Height at presentation (centile)
*Exact deletion size is estimated on the basis of array CGH, FISH results, and the known genomic architecture. P denotes paternal, M denotes maternal, and Nl denotes normal.
to date. However, the average gestational age at birth of such newborns was calculated to be 38 weeks, 32 a distinctly longer term than the average of 35.2 weeks in our patients. This observation may imply the presence of a dosage-sensitive gene that is associated with prematurity and/or low birth weight and is located within the distal 22q11.2 region. Interestingly, one of the genes located in the deleted region, mitogen-activated protein kinase 1 (MAPK1) may be associated with placental development and low birth weight. MAPK1 has a role in one of the four mitogen-activated protein kinase cascades. Knockout studies of a few genes in these cascades, including MAPK1, revealed some associations with abnormal placental development, leading to intrauterine growth restriction and intrauterine death of null mice. 33 Although congenital heart defects are common in many chromosomal aberrations, the fact that one of our six patients in addition to one of the four previously described de novo cases and one member of the familial case with 22q11.2 distal deletion had a very specific cardiac defect, truncus arteriosus, is intriguing. This high percentage of truncus arteriosus in 22q11.2 distal deletion may be partially due to ascertainment bias of the previously described cases; nevertheless, distal 22q11.2 may be associated with an increased risk of truncus arteriosus. In fact, although truncus arteriosus is one of the most characteristic heart defects in DGS/VCFS, it exists in only 7% of such patients. 34 Truncus arteriosus has not been described yet as a common finding in any other chromosomal aberration or singlegene defect. About one-third of patients with such a cardiac defect have one of the two more common~1.5 Mb or 3 Mb 22q11.2 recurrent deletions, 35, 36 but a systematic analysis of other genomic disorders leading to truncus arteriosus in a large number of patients has not been performed. The fact that such a rare heart defect is common in two adjacent but nonoverlapping microdeletion syndromes (DGS/VCFS and 22q11.2 distal deletion), and the fact that this heart defect has not been described commonly with other chromosomal aberration, might be a random finding. An alternative explanation is a position effect of the distal deletion on a gene located in the DGS/VCFS or vice versa responsible for this overlapping cardiac phenotype. 37, 38 Another explanation for this shared phenotype could be clustering of genes involved in the development of heart in this genomic region. Given that three de novo cases and one familial case (with three affected individuals) have been reported with LCR22-4 to LCR22-6 deletions, we have examined the characteristic phenotype of 22q11.2 distal deletion among these patients. Unfortunately, birth weight, indicating prenatal growth restriction, has been reported in only one-sixth of them (and was normal for gestational age). 22 However, height at presentation was reported among one-third of the de novo cases and two-thirds of individuals from the affected family. 20, 22 In all of them, the height was reported to be at the 10 th centile. Another previously described case reported short stature. 21 These data imply that postnatal growth restriction and short stature are common features of this syndrome. Information regarding the gestational age at birth was provided for only two of the previously described cases. Both children were born prematurely after 35 weeks of gestation. 21, 22 Congenital heart defects and palate abnormalities were prevalent among previously described cases with higher prevalence than among our patients, in part because of to ascertainment bias. Similar to our patients, learning difficulties and/or psychomotor developmental delay was prevalent among the majority of the previous described cases. The overall data suggest, however, that severe mental retardation is not common among patients with 22q11.2 distal deletion. On the basis of on available photographs and clinical description of published cases, it seems that most of them share the characteristic facial features of 22q11.2 distal deletion. Two previously described patients 19, 20 had choanal atresia and/or stenosis, and one had immunodeficiency. 20 Such phenotypes have not been detected among our patients and may be subject to ascertainment bias because these features are prevalent in DGS/VCFS 27 and were even part of the inclusion criteria in one of the previous study. 19 On the basis of oligonucleotide array-CGH analysis (Figure 4) and information obtained from the NCBI genome (build 36, 2006) , it is apparent that 22q11.2 distal deletions involve segments that extend between known LCRs: LCR22-4 to LCR22-5 or LCR22-6. Recent investigation of LCR22-5 and LCR22-6 structure and organization 11 revealed that both include BCRL-containing modules and that LCR22-5 includes a GGTL-containing module as well. Both modules are part of LCR22-4 structure. 7 In all of the cases that were analyzed with a high-resolution oligonucleotide microarray, breakpoint analyses revealed similar junctions. This breakpoint is located in the proximal part of the three relevant LCR22s: LCR22-4, LCR22-5, and LCR22-6 ( Figure 4 ). This proximal portion of these LCRs contains the BCRL module in all of them. 7, 11 This finding implies not only that these LCRs have a role in the mechanism of the rearrangement by NAHR but also that the BCRL module specifically may be utilized as a substrate in NAHR causing 22q11.2 distal deletions. The fact that de novo rearrangements were found in the great majority of 22q11.2 distal deletions supports the role of NAHR in these deletions, because one would expect to find a high rate of de novo arrangement in regions that have high genome complexity and are subjected to NAHR. 39 We could not detect a clear difference in the severity or the phenotype between the larger~2.1 Mb deletion and the smaller nested~1.4 Mb deletion. However, more patients must be characterized in order to determine whether a phenotypic difference exists between these two sizes of deletion. Molecularly, the~1.4 Mb LCR22-4 to LCR22-5 segment contains at least 17 annotated genes, and the~0.7 Mb LCR22-5 to LCR22-6 contains at least four additional genes. Many of the genes in this genomic region have not been extensively studied. We do not know yet which of the genes in this region are sensitive to the dosage effect generated by the copy-number variation due to the deletion or the potential influence of such a dosage effect.
In conclusion, 22q11.2 distal deletion is a recurrent microdeletion syndrome likely to result from NAHR. This newly recognized genomic disorder has specific characteristics including prematurity, prenatal and postnatal growth restriction, learning difficulties and/or developmental delay, characteristic facial features, skeletal abnormalities, and increased incidence of a specific type of heart defect, truncus arteriosus. The phenotype is, in many ways, distinct from the phenotype of the adjacently located microdeletion syndrome DGS/VCFS. The two cytogenetically and clinically distinctive syndromes share an overlapping cardiac phenotype. We suggest, therefore, that individuals with the characteristic features of 22q11.2 LCR22-4 to LCR22-6 deletion and patients with a less suggestive DGS/VCFS phenotype and negative DGS/VCFS FISH results, as well as every individual with truncus arteriosus, should be tested for the 22q11.2 distal deletion. However, given that dysmorphic features, short stature, heart defects, and developmental delay are common findings in many chromosomal aberrations, array CGH 23, 39 is currently the most efficient and cost-effective means of testing for submicroscopic chromosomal aberrations associated with genomic disorders.
